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HIGHLIGHTS 


•  Li2Zr03  coating  0.4Li2Mn03  ’0.6LiNii/3Coi/3Mni/302  synthesized  by  sol-gel  method. 

•  DLi+  of  LMO  increases  one  to  two  orders  of  magnitude  after  Li2Zr03  coating. 

•  Li2Zr03  coated  sample  delivers  263.7  mAh  g'1  at  0.1  C  and  good  cycle  performance. 

•  Minor  Li2Zr03  modification  enhances  high-rate  capability  and  cycle  ability  of  LMO. 
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To  improve  the  high-rate  capacity  and  cycle  ability,  minor  L^ZrC^  successfully  coat  the  nanoparticles  of 
0.4Li2Mn03  -0.6LiNii/3Coi/3Mni/302  (LMO)  via  sol— gel  method.  The  crystal  structure  and  electrochemical 
properties  of  the  bare  and  coated  material  are  studied  by  X-ray  diffractometry  (XRD),  transmission 
electron  microscopy  (TEM),  cyclic  voltammetry  (CV),  galvanostatic  intermittent  titration  technique 
(GITT),  and  charge-discharge  tests.  The  lithium  diffusion  coefficient  of  LMO  increases  one  to  two  orders 
of  magnitude  after  Li2Zr03  coating.  Li2Zr03  coating  improves  the  rate  capability  and  cycling  stability  of 
LMO.  Within  the  cut-off  voltage  of  2.5— 4.8  V,  the  initial  discharge  capacity  of  Li2Zr03-coated  0.4Li2M- 
nO3  -0.6LiNii/3Coi/3Mni/3O2  (LZO-LMO)  reaches  to  264  mAh  g-1  at  0.1  C  rate,  and  the  capacity  remains 
235  mAh  g-^  after  100  cycles.  At  the  current  rates  of  1,  2,  5  and  10  C,  the  maximum  discharge  capacities 
of  LZO-LMO  are  205.6,  161,  153.8  and  106  mAh  g-1,  respectively.  Minor  Li2Zr03  modification  plays  an 
important  role  to  enhance  the  high-rate  capability  and  cycle  ability  of  LMO. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  rechargeable  lithium-ion  batteries  (LIBs)  have  been 
generally  regarded  as  the  energy  storage  for  portable  electric  de¬ 
vices.  Now  it  is  expected  to  store  and  deliver  higher  energy  and 
power  to  fulfill  the  requirements  of  electric  vehicles  (EVs),  hybrid 
electric  vehicles  (HEVs)  and  plug-in  hybrid  electric  vehicles 
(PHEVs)  [1,2].  Cathode  and  anode  materials  building  blocks 
determine  the  performance  of  LIBs.  The  capacity  of  the  anode 
material  is  more  than  300  mAh  g-1  while  that  of  the  cathode  is 
around  150  mAh  g_1  [3,4].  The  relatively  lower  capacity  of  the 
cathode  materials,  such  as  LiCo02,  LiM^CU,  LiFeP04,  has  become  a 
bottleneck  to  improve  the  electrochemical  performance  of  LIBs. 
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Recently,  lithium-rich  Mn-based  layered  compounds, 
Lii+x[M]i_x02  or  xLi2Mn03  (l-x)LiM02  (M  =  Ni,  Co,  Mn,  x  >  0), 
considered  as  cathode  for  LIBs  [5,6],  present  the  potential  appli¬ 
cation  due  to  their  higher  capacity  (up  to  250  mAh  g-1)  and  sta¬ 
bility  at  higher  cut-off  voltage  beyond  4.8  V  [7,8].  In  these 
compounds,  L^MnC^  and  L^MnC^-like  domains  exist  with  short- 
range  order  within  LiM02  matrix  [9].  The  component  of  L^MnC^ 
plays  the  role  to  enhance  the  discharge  capacity  of  xL^MnOs  •  (1  -x) 
LiM02  by  simultaneously  extracting  Li20  at  potential  above  4.5  V, 
and  stabilize  the  structure  to  facilitate  the  diffusion  of  Li+-ion 
during  charge/discharge  process  [5]. 

There  are  several  drawbacks  to  limit  the  application  of  lithium- 
rich  cathode  in  high  power  LIBs,  for  example,  the  severe  capacity 
fading  during  cycling  at  high  current  rates  [10,11].  The  capacity 
fading  is  mainly  related  to  the  unstable  structure  while  the  cath¬ 
ode  carries  out  beyond  4.8  V  [12],  and  the  poor  rate  performance 
is  attributed  to  the  low  conductivity  induced  by  Li2Mn03 
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component  [11].  In  order  to  resolve  these  problems,  doping  and 
coating  are  efficient  strategies.  Doping  stabilizes  the  structure  but 
causes  a  fading  of  capacity  because  the  substituents  are  usually 
electrochemically  inactive  ingredients,  such  as  Al,  Mg,  Zn,  etc.  [13]. 
Modification  of  the  cathode  material  by  coating  a  small  amount  of 
inert  metal  oxides,  such  as  A1203,  ZnO,  V205,  Zr02  etc.  [14-18],  can 
significantly  improve  the  cyclic  performance  by  avoiding  the  un¬ 
wanted  reactions  on  the  surface.  However,  the  inert  metal  oxides 
are  often  poor  electronic  and  ionic  conductors,  which  usually 
lead  to  a  large  irreversible  capacity  and  poor  rate  performance 
[19].  Recently,  some  Li-contained  oxides,  such  as  LiA102  [20]  and 
Li3*La2/3_xTi03  [21],  effectively  enhance  the  electrochemical  per¬ 
formance  because  they  have  good  conductivity  and  also  provide 
the  tunnel  for  Li+  transportation  during  charge/discharge  pro¬ 
cesses  [19-22]. 

In  this  present  work,  Li2Zr03-coated  0.4Li2MnO3  0.6LiNii/3Coi/ 
3Mni/302  (LZO-LMO)  is  prepared  via  a  wet  chemical  method  fol¬ 
lowed  by  high  temperature  heat-treatment.  X-ray  diffraction, 
scanning  and  transmission  electron  microscopy  have  been  con¬ 
ducted  to  confirm  the  structure  and  surface  morphology.  The  cyclic 
stability  and  rate  performance  of  LZO-LMO  are  evaluated.  Galva- 
nostatic  intermittent  titration  technique  tests  are  carried  out  to 
investigate  the  improvement  in  the  electrochemical  properties  of 
LZO-LMO.  The  diffusion  coefficient  of  Li+-ion  (Dfi)  obtained  by  GITT 
gives  an  explanation  for  the  superior  electrochemical  performance 
of  the  coated  cathode  material. 

2.  Experimental 

The  sample  of  0.4Li2Mn03-0.6LiNii/3Coi/3Mni/302  (LMO)  was 
prepared  by  sol-gel  method  using  citric  acid  as  a  chelating  reagent. 
Stoichiometric  amounts  of  Ni(CH3C00)2  -4H20,  Co(CH3COO)2  H20, 
Mn(CH3COO)2  -4H20  and  LiCH3C00H20  (5%  excess)  were  dis¬ 
solved  in  a  certain  amount  of  anhydrous  ethanol.  The  dissolved 
solution  was  dropped  to  a  continuously  stirred  ethanol  solution  of 
citric  acid.  The  mixed  solution  was  evaporated  until  a  gel  was  ob¬ 
tained.  The  prepared  gel  was  preheated  in  air  at  450  °C  for  8  h.  The 
precursor  was  annealed  in  air  at  900  °C  for  24  h. 

Li2Zr03-coated  0.4Li2Mn03-0.6LiNii/3Coi/3Mni/302  (LZO-LMO) 
is  synthesized  as  following  steps.  The  intermediate  of  LMO  is  syn¬ 
thesized  at  450  °C  for  8  h.  The  preheated  precursor  of  LMO  is  ball- 
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Fig.  1.  X-ray  diffraction  patterns  of  LMO  and  LZO-LMO.  Inset  graph  is  magnified  XRD 
patterns  of  LMO  and  LZO-LMO  in  the  2d  range  of  35-46°. 


Table  1 

Lattice  parameters  from  the  Rietveld  refinement  of  LMO  and  LZO-LMO. 


Samples 

LMO 

LZO-LMO 

LMO 

LNCM 

LMO 

LNCM 

Lattice  parameters  (A) 

a 

4.9848 

2.866 

5.0058 

2.8627 

b 

8.5694 

2.866 

8.5635 

2.8627 

c 

5.0802 

14.2924 

5.0582 

14.2763 

c/a 

1.01 

4.99 

1.01 

4.99 

Lattice  volume  (A3) 

204.65 

101.66 

204.52 

101.32 

Intensity  ratio 

f(003/104) 

1.26 

1.41 

Reliability  and 

x2 

3.606 

2.09 

weighted  factors 

^wp/(%>) 

10.06 

7.59 

M%) 

7.67 

6.03 

milled  and  sifted,  and  ultrasonically  dispersed  in  anhydrous 
ethanol.  According  to  the  content  of  Li2Zr03  2  wt%  to  LMO,  stoi¬ 
chiometric  amounts  of  Zr(N03)4-5H20  and  CH3C00Li-2H20  (5% 
excess)  dissolved  in  anhydrous  ethanol,  are  pumped  into  the  sus¬ 
pension  of  LMO  precursor  at  the  speed  of  6.0  mL  min-1.  After 
continuous  stirring  at  75  °C,  the  as-produced  gel  is  dried  in  vacuum. 
The  mixture  is  heated  at  650  °C  for  5  h,  and  the  final  product  LZO- 
LMO  is  produced  at  900  °C  for  24  h  in  air  atmosphere.  As  com¬ 
parison,  the  samples  of  LZO-LMO  were  synthesized  according  to 
the  content  of  Li2Zr03  1,  5  and  10  wt%  to  LMO,  respectively. 

By  using  Rigaku  diffractometer  (Dmax-2200)  with  Cu-Kai  radia¬ 
tion,  the  X-ray  diffraction  patterns  were  collected  at  a  scan  rate  of 
2°  min-1  from  10  to  90°.  The  crystal  morphology  was  characterized 
by  field-emission  scanning  electron  microscope  (FE-SEM,  SIGMA, 
ZEISS  microscope,  20  kV)  coupled  with  an  energy  dispersive 
spectrum  X-ray  detector  (EDS),  and  high-resolution  transmission 
electron  microscope  (HRTEM,  JEOL-2010F,  200  kV).  Elemental 
composition  (Li,  Ni,  Co  and  Mn)  of  the  samples  was  measured  by 
ICP-OES  (Inductively  Coupled  Plasma  Optical  Emission  Spectrom¬ 
eter,  iCAP  6000).  Specific  surface  areas  were  performed  with  a 
Micromeritics  ASAP  2010  M  +  C  nitrogen  adsorption  instrument 
(Micromeritics  Inc.,  USA)  at  77  K. 

Electrochemical  performances  of  the  samples  were  collected  in 
CR2016  coin  cells.  The  positive  electrodes  of  the  active  materials 
(80  wt%),  Super  P  (10  wt%)  and  polyvinylidenefluoride  (10  wt%) 
were  mixed  in  N-methyl-2-pyrrolidone  and  stirred  overnight.  The 
slurry  casted  onto  Al  foil  by  using  a  doctor  blade,  and  was  dried  at 
120  °C  for  12  h  under  vacuum.  The  material  loading  of  the  cathode 
electrode  is  4-5  mg  cm-2,  and  the  thickness  of  electrode  is  80  pm. 
Cells  were  assembled  in  an  argon-filled  glove  box  by  using  lithium 
metal  as  the  negative  electrode,  Celgard  2500  as  the  separator,  and 
1  M  LiPF6  dissolved  in  ethylene  carbonate,  dimethyl  carbonate  and 
ethyl-methyl  carbonate  with  a  1:1:1  volume  ratio  as  the  electrolyte. 
The  galvanostatic  charge  and  discharge  tests  were  made  at  ambient 
temperature  by  using  LAND  CT2001A  battery  testing  system 
(Wuhan,  China)  within  the  voltage  range  of  2.5-4.8  V  vs.  Li+/Li. 
Galvanostatic  intermittent  titration  technique  (GITT)  was  carried 
out  at  room  temperature  in  the  voltage  range  of  2. 0-4.8  V.  The 
electrochemical  impedance  spectroscopy  (EIS)  measurements  were 
conducted  on  the  PARSTAT2273  electrochemical  workstation,  and 
the  amplitude  of  the  input  ac  signal  was  kept  at  5  mV,  and  the 
frequency  range  was  set  between  100  kHz  and  0.01  Hz. 


Table  2 

The  specific  surface  area  and  ICP  analysis  of  LMO  and  LZO-LMO. 


Samples 

BET 

Content  (ppm) 

Calculated  molar  ratio 

(m2  g-1 

)  Li 

Ni 

Co 

Mn 

of  Li:Ni:Co:Mn 

LMO 

LZO-LMO 

3.68 

4.35 

1.0000 

1.0020 

1.2470 

1.2160 

1.2010 

1.1520 

3.4260 

3.2860 

1.44  0.21  0.20 
1.44  0.21  0.20 

0.62 

0.60 
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Fig.  2.  SEM  images  of  LMO  (a)  and  (a'),  and  LZO-LMO  (b)  and  (b7)  with  two  magnifications. 


3.  Results  and  discussion 

The  XRD  patterns  of  LMO  and  LZO-LMO  are  shown  in  Fig.  1.  The 
samples  have  high  crystallinity  for  the  sharp  diffraction  peaks.  The 
strong  XRD  peaks  are  well  indexed  based  on  the  ai-NaFe02  structure 
with  R-3m  space  group.  The  weak  peaks  between  20  and  25°  are 
indexed  to  monoclinic  unit  cell  C2/m  which  superlattice  peaks  are 
consistent  with  the  LiMng  arrangement  occurred  in  transition  metal 
layers  of  Li2Mn03  nano-domains  [23].  The  value  of  J(oo3)/J(io4)  (>1.2) 
is  an  indicator  of  the  disorder  between  Li  and  Ni  cations  [24].  Both 
LMO  and  LZO-LMO  present  low  amount  of  disorder  between  lithium 
and  transition  metal  cations,  because  the  intensity  ratios  of  /(003)/ 
J(i04)  of  LMO  and  LZO-LMO  are  estimated  1.25  and  1.41,  respectively. 
In  addition,  the  splitting  peaks  at  64.6°  (018)  and  65.4°  (110)  are 


distinct  which  reflect  the  ordered  structure  of  LMO  before  and  after 
coating  [25  .  The  existence  of  Li2Zr03  doesn’t  interfere  with  the 
growth  of  layer  structural  0.4Li2Mn03  -0.6LiNii/3Coi/3Mni/302.  As 
shown  in  the  inset  graph  of  Fig.  1,  the  minor  diffraction  peaks  at 
35.8°,  39.9°  and  42.5°  are  identified  as  (112),  (004)  and  (020)  of 
Li2Zr03  (JCPDS  card  No.  041-0324).  This  result  suggests  that  Li2Zr03 
phase  grows  to  coat  0.4Li2Mn03-0.6LiNii/3Coi/3Mni/302.  Similar 
XRD  patterns  appear  in  LZO-LMO  with  various  weight  ratios  of  1%, 
5%  and  10%  (as  shown  in  Fig.  SI  in  Supplementary  Information), 
respectively. 

The  XRD  patterns  are  refined  by  the  Rietveld  method  with 
General  Structure  Analysis  Software  (GSAS  Los  Alamos  National 
Laboratory,  USA)  and  the  refined  lattice  parameters  are  listed  in 
Table  1.  Because  the  complex  structure  of  xLi2Mn03-(l-x)LiNii/ 


Fig.  3.  TEM  and  HRTEM  of  LMO  (a)  and  (a7),  and  LZO-LMO  (b)  and  (b7). 
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Fig.  4.  SEM  image  of  LZO-LMO  (a),  energy  dispersive  spectrum  (b),  and  elemental  mappings  of  Ni,  Co,  Mn  and  Zr  (c,  d,  e,  f). 


3C01/3M111/3O2  contains  crystallographic  sites  shared  by  more  than 
two  cations,  it  is  hard  to  obtain  reliable  results  on  atomic  occu¬ 
pancies  from  the  Rietveld  refinement.  In  this  work,  the  XRD 
diffraction  patterns  are  refined  by  two  sets  of  diffraction  data:  a- 
NaFe02  type  with  R-3m  and  monoclinic  unit  cell,  C2\m  character¬ 
ized  Li2Mn03.  The  reliability  factor  of  x2  is  less  than  6,  and  the 
weighted  factors  of  Rwp,  Rp  are  less  than  10%.  As  listed  in  Table  1,  the 
cell  parameters  of  LMO  with  and  without  Li2Zr03  modification 
present  minor  change.  For  example,  the  cell  parameter  a  by  a- 
NaFe02  type  with  R-3m  are  2.8660  and  2.8627  A  in  LMO  and  LZO- 
LMO,  and  the  lattice  volumes  are  204.65  and  204.52  A3, 


0  80  160  240  320  400  480 

Capacity  /  mAh  g  1 


respectively.  The  almost  same  values  of  c/a  and  cell  volume  indicate 
the  lattice  structure  of  LMO  still  remains  before  and  after  Li2Zr03 
coating. 

The  atomic  compositions  of  LMO  and  LZO-LMO  are  listed  in 
Table  2.  The  molar  ratios  experimentally  determined  for  Li,  Ni,  Co 
and  Mn  elements  are  very  close  to  the  stoichiometric  values  of 
1.4:0.2:0.2:0.6  except  that  the  Li  is  minor  excess.  As  listed  in  Table  2, 
the  BET  specific  surface  area  of  LMO  and  LZO-LMO  are  3.68  and 
4.35  m2  g-1,  respectively.  Both  LMO  and  LZO-LMO  samples  have 
impact  morphology  which  is  important  for  the  volume  energy 
density  as  cathode  for  LIBs. 


Cycle  Number 


Fig.  5.  Initial  charge/discharge  profiles  (a)  and  cycling  performance  (b)  of  LMO  and  LZO-LMO  as  cathode  carried  out  in  the  voltage  range  of  2.5-4.8  V  at  0.1  C. 
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Fig.  2  shows  the  SEM  images  of  LMO  and  LZO-LMO.  Both  sam¬ 
ples  are  high  crystallinity  and  homogeneous  without  obvious  ag¬ 
gregation.  The  particle  size  of  LMO  decreases  a  little  after  L^ZrOs 
coating.  As  shown  the  SEM  images  with  large  magnification  in 
Fig.  2a'  and  b',  the  estimated  particle  sizes  of  LMO  and  LZO-LMO  are 
300  and  220  nm,  respectively.  The  TEM  and  HRTEM  images  of  LMO 
and  LZO-LMO  powders  are  shown  in  Fig.  3.  The  surface  of  pure  LMO 
particles  is  smooth  and  there  is  no  other  impurity  phase  on  the 
surface  of  particles.  Fig.  3b'  shows  a  coating  layer  on  the  surface  of 
LMO  particles.  The  calculated  distance  between  two  lattice  fringes 
of  LMO  and  LZO-LMO  is  both  4.7  A,  corresponding  to  (003)  plane  of 
the  hexagonal  layered  phase  LiM02  or  (001)  planes  of  monoclinic 
L^MnOs-like  component  [26,27].  The  crystal  structure  of  LMO  is 
the  same  with  or  without  L^ZrOs  coating.  As  shown  in  Fig.  3b',  a 
homogeneous  coating  layer  of  L^ZrOs  grows  on  the  surface  of  LMO, 
and  the  thickness  of  LZO  layer  is  estimated  about  15  nm.  The 
functions  of  LZO-coated  LMO  include  that  LMO  plays  the  role  of 
energy  storage/delivery  and  LZO  as  the  bridge  to  improve  the 
diffusion  ability  between  the  bulk  of  LMO  and  electrolyte  [18,19]. 

The  atomic  compositions  and  elemental  mapping  of  LZO-LMO 
are  evaluated  by  EDS  analysis  and  shown  in  Fig.  4.  The  atomic  ra¬ 
tio  of  Mn:Co:Ni  in  pure  LMO  is  nearly  3.07:0.998:1.00  (the  images 
are  not  shown  here)  close  to  the  theoretical  value  of  3:1 :1,  and  that 
of  Mn:Co:Ni:Zr  in  LZO-LMO  is  2.73:0.882:1.00:0.0675,  close  to  the 
theoretical  value  of  3:1:1:0.0683.  As  shown  in  Fig.  4c-f,  the 
elemental  distribution  of  LZO-LMO  depends  on  the  composition  as 
well  as  the  nanoscale  spatial  uniformity  of  transition  metal  ele¬ 
ments.  The  EDS  dot  mapping  (Fig.  4f)  shows  that  the  element  of  Zr 
in  LZO-LMO  is  homogeneously  distributed  on  the  surface  of  LMO 
particles. 

Fig.  5  shows  the  initial  charge/discharge  curves  and  cycle  per¬ 
formance  of  LMO  and  LZO-LMO.  Compared  with  the  values  of  LZO- 


LMO  (2  wt%  ofLi2Zr03),  the  samples  of  LZO-LMO  with  1, 5  and  10  wt 
%  of  L^ZrOs  present  poor  electrochemical  performance  (as  shown 
in  Fig.  S2  in  Supplementary  Information),  and  thus  does  not  show 
here.  The  initial  discharge  capacities  of  LMO  and  LZO-LMO  are  233 
and  264  mAh  g-1,  respectively.  Both  the  materials  exhibit  two 
plateaus  during  the  first  charge  process,  located  at  3.7^15  V  and 
above  4.5  V.  The  first  plateau  is  attributed  to  lithium-ion  extraction 
from  LiNii/3Coi/3Mni/302  phase  corresponding  to  the  oxidation  of 
Ni2+  -►  Ni4+  and  Co3+  -►  Co4+  [28].  The  second  plateau  is 
considered  to  be  the  L^O  taking  off  from  the  layered  Li2Mn03 
structure,  which  results  in  a  high  irreversible  charge  capacity  [29]. 
For  example,  the  initial  charge  and  discharge  capacities  of  LZO-LMO 
are  327  and  230  mAh  g-1  in  LMO,  388  and  264  mAh  g_1,  respec¬ 
tively.  With  respect  to  the  cycling  performance  (Fig.  5b),  it  can  be 
observed  that  the  capacity  of  LMO  drops  to  177  mAh  g-1  after  100 
cycles  at  0.1  C,  with  capacity  retention  ratio  of  77%.  But  LZO-LMO 
remains  235  mAh  g-1  after  100  cycles,  with  89%  of  the  initial  ca¬ 
pacity.  The  introducing  Zr  element  with  appropriate  ratio  of  2  wt% 
successfully  improves  the  structural  stability  and  electrochemical 
properties  of  LMO.  Based  on  the  previous  publications,  the  coating 
layer  of  Zr-contained  materials  on  the  surface  of  cathode  can  pre¬ 
vent  the  direct  contact  of  electrode  from  electrolyte,  therefore 
suppress  the  undesirable  side  reaction  between  them  and  the 
dissolution  of  transition  metal  ions  caused  by  F-contained  elec¬ 
trolyte  3,18]. 

The  potential  profiles  of  cycling  between  2.5  and  4.8  V  and  the 
corresponding  differential  capacities  vs.  voltage  plots  are  shown  in 
Fig.  6.  During  the  initial  cycle,  both  the  electrodes  exhibit  two 
couples  of  dQJdV  peaks,  one  at  about  3.9  V  and  the  other  at  about 
4.6  V  (vs.  Li/Li+).  The  peak  at  3.9  V  is  ascribed  to  the  extraction  of 
Li+  from  LiM02  (M  =  Ni,  Co,  Mn)  [28].  The  peak  at  -4.5  V  is  the 
irreversible  reaction  in  which  Li+  is  extracted  from  component 


Voltage  (V  vs  Li+/Li) 


Fig.  6.  The  voltage  profiles  of  LMO  (a)  and  LZO-LMO  (b)  at  the  1st,  2nd,  10th,  30th,  50th  and  100th  cycle,  and  the  corresponding  differential  capacities  vs.  voltage  plots  (a')  and  (b7). 
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Fig.  7.  High-rate  cycling  performances  of  LMO  (a)  and  LZO-LMO  (b).  The  batteries  are  charged/discharged  for  5  cycles  at  0.1  C  before  discharge  at  each  high  current  density. 


accompanying  with  the  simultaneous  release  of  oxygen  [29].  At 
the  second  cycle,  the  anodic  peak  at  -4.5  V  disappears,  and  the 
anodic  peak  at  3.9  V  shifts  to  —3.8  V.  As  the  number  of  cycle  in¬ 
creases,  the  dQJdV  peaks  show  slightly  shifts  and  result  in  the 
different  potential  interval  (AV)  between  the  anodic  and  cathodic 
peaks.  For  example,  at  the  100th  cycle  the  cathodic  peak  of  LMO 
shifts  to  lower  voltage  of  -2.8  V  than  -3.2  V  in  LZO-LMO.  AV  is 
representative  of  the  kinetic  process,  especially  considering  that 
the  electrochemical  process  involves  lithium  diffusion  in  a  solid 
phase  and  electron  jumping  across  the  electrode  materials.  During 
100  cycles,  the  AV  of  LZO-LMO  present  smaller  values  compared 
with  those  of  LMO.  The  smaller  AV  of  LZO-LMO  is  attributed  to  the 
coating  of  Li2Zr03  which  improves  the  extraction/reinsertion 
ability  of  lithium  ions  across  the  interface  between  the  cathode  of 
LMO  and  the  electrolyte. 

The  rate  performance  of  LMO  and  LZO-LMO  is  presented  in  Fig.  7 
within  the  cut-off  voltages  of  2.5  and  4.8  V.  The  batteries  are 
charged/discharged  for  5  cycles  at  0.1  C  before  carrying  out  at  high 
current  densities.  The  cathode  LZO-LMO  is  discharged  at  0.1, 1,  2,  5 
and  10  C-rate,  respectively,  but  LMO  only  shows  the  rate  perfor¬ 
mance  at  0.1, 1  and  2  C  because  of  none  response  beyond  the  cur¬ 
rent  rate  of  5  C  (Fig.  7a).  Both  LMO  and  LZO-LMO  present  the 
dropped  capacities  along  with  the  increased  discharge  current 
densities.  LMO  delivers  the  initial  capacities  of  235,  181  and 
152  mAh  g_1,  lower  than  the  values  253,  205.6, 161  of  LZO-LMO  at 
0.1, 1  and  2  C-rate,  respectively.  Moreover,  LZO-LMO  delivers  154 
and  106  mAh  g_1  at  high  rates  of  5  and  10C.  Li2Zr03  coating  on  LMO 
greatly  improves  the  cycle  ability  beside  the  rate  capacity.  For 
example,  at  2  C-rate  LMO  presents  rapid  capacity  fading, 
152  mAh  g  1  at  the  5th  cycle  and  only  remaining  69  mAh  g_1  after 
80  cycles,  but  LZO-LMO  delivers  161  mAh  g-1  at  the  5th  cycle  and 
remains  149  mAh  g  1  after  100  cycles.  Based  on  the  previous 
publications,  the  thin  layer  of  Li2Zr03  suppresses  the  oxygen  ac¬ 
tivity  by  introducing  strong  metal— oxygen  bonds  at  the  surface  of 
the  electrode  structure,  which  provides  a  diffusion  pathway  for  the 
lithium  ions  17-19,30].  For  example,  Huang  et  al.  reported  Zr02- 
coating  Li(Nii/3Coi/3Mni/3)02  effectual  to  increase  Li+  diffusion 
coefficient  and  reduce  the  active  energy  of  interfacial  Li+  transfer 
reaction  of  Li(Nii/3Coi/3Mni/3)02  19]. 

Electrochemical  impedance  spectroscopy  (EIS)  is  applied  to 
identify  the  charge  transfer  resistance  and  the  evolution  of  elec¬ 
trode/electrolyte  interface.  Fig.  8  shows  the  Nyquist  plots  of  LMO 
and  LZO-LMO  electrodes  carried  out  after  the  1st  and  100th  cycles. 
The  EIS  curves  exhibit  a  semicircle  in  the  high  frequency  range  and 
a  sloping  line  in  the  low  frequency  region.  The  diameter  of  the 
semicircles  can  measure  the  transfer  resistance  ( R )  of  the  lithium- 
ion  migration  through  the  interface  between  the  surface  layer  of 
the  particles  and  the  electrolyte  [31].  The  sloping  line  at  the  low 
frequency  presents  the  diffusion  process  of  lithium  ion  in  the  bulk 
of  the  electrode  material  and  the  Warburg  resistance  [32].  As 


shown  in  Fig.  8,  the  resistance  of  LMO  is  lower  than  that  of  LZO- 
LMO  after  the  cathodes  are  carried  out  one  charge/discharge  cy¬ 
cle.  It  might  be  attributed  to  the  fact  that  solid  electrolyte  interface 
grows  on  the  surface  of  Li2Zr03-coated  LMO  which  results  in  a  little 
increase  of  resistance  but  protects  the  bulk  LMO  in  the  following 
charge/discharge  cycles  at  high  cut-off  voltage  of  4.8  V.  After  100 
cycles,  the  R  of  LMO  increases  to  about  12  times  of  the  initial  value, 
while  the  R  of  LZO-LMO  increases  to  only  less  than  2  times  of  the 
initial  value.  It  indicates  that  the  transfer  resistance  and  the  un¬ 
desirable  side  reaction  between  the  cathode  and  electrolyte  are 
suppressed  by  Li2Zr03  modification. 

GITT  proposed  by  Weppner  and  Huggins  [33]  has  been  used  as  a 
standard  method  to  evaluate  chemical  diffusion  coefficients  (DGnr). 
GITT  is  a  reliable  technique  to  determine  the  chemical  diffusion 
coefficient  of  lithium  (Du+)  with  varying  composition  x  in  the 
cathode  materials,  such  as  LixM02  (M:  transition  metal  element).  In 
this  work,  both  samples  LMO  and  LZO-LMO  as  applied  to  a  dense 
planar  electrode  have  typically  the  same  electrode  thickness  for  the 
same  diffusion  length  during  charge/discharge.  Fig.  9a  shows  the 
GITT  curves  of  LMO  and  LZO-LMO,  which  samples  as  cathodes  have 
been  carried  out  for  the  1  st  charge/discharge  cycle  between  2.0  and 
4.8  V.  The  equilibrium  cell  voltage  (Eo)  will  assume  a  new  value  (Fs) 
due  to  the  change  in  Ax.  As  an  example  a  single-step  GITT  titration 
at  4.38  V  during  the  second  discharge  cycle  of  LZO-LMO,  Fig.  9b 
shows  t  vs.  E  profile  with  schematic  labeling  of  the  relevant  pa¬ 
rameters.  The  cell  voltage  (F)  decreases  from  the  equilibrium  value 
(Fo)  with  time,  which  is  superimposed  to  an  IR  drop  due  to  the 


Fig.  8.  Electrochemical  impedance  spectra  of  LMO  and  LZO-LMO  after  full  discharge  at 
the  1st  and  100th  cycles,  respectively. 
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Potential  (V  vs.  Li/Li+) 

Fig.  9.  (a)  GITT  curves  of  LMO  and  LZO-LMO  between  2.0  and  4.8  V  (time  interval:  30  min);  (b)  tvs.  E  profile  of  LZO-LMO  for  a  single-step  GITT  titration;  (c)  diffusion  coefficients  of 
Li+  in  LMO  and  LZO-LMO  at  different  discharge  states. 


current  flux  through  the  electrolyte  and  interface  [34,35].  The  total 
change  in  cell  voltage  AEt  during  the  current  flux  is  obtained  by 
subtracting  the  IR  drops  as  shown  in  Fig.  9b.  By  using  GITT  tech¬ 
nique,  the  chemical  diffusion  coefficients  of  Li+  (Dy+)  shown  in 
Fig.  9c  are  calculated  from  the  potential  response  to  a  small  con¬ 
stant  current  pulse  via  the  following  equation  [36]: 


D 


Li+ 


4/mVM\2/A£s\2 
n\MA  )  [aeJ 


(1) 


where  m  (g),  M  (cm3  mor1)  and  VM  are  the  mass,  molar  mass  and 
molar  volume  of  active  material;  S  (cm-2  g-1)  is  the  area  of  elec¬ 
trode-electrolyte  interface  (BET);  t  (s)  is  the  constant  current  pulse 
time;  A Es  (V)  and  AET  (V)  are  the  change  of  the  steady-state  voltage 
and  the  total  change  of  cell  voltage  during  a  constant  pulse  t  of  a 
single-step  GITT  experiment.  The  sample  of  LMO  presents  the 
decreased  Dy+  values  along  with  the  discharge  depth,  and  has  the 
lowest  value  of  8.34  x  10  15  cm2  s-1  at  3.0  V  but  increases  to 
4.36  x  10~14  cm2  s-1  at  the  end  cut-off  voltage  of  2.8  V.  At  different 
voltage,  the  values  Dy+  of  LMO  change  in  the  range  between 
8.34  x  10-15  and  1.88  x  10  12  cm2  s~\ The  sample  of  LZO-LMO  also 
presents  the  decreased  Dy+  values  along  with  the  discharge  depth, 
but  has  the  lowest  value  of  1.58  x  10~13  cm2  s-1  at  3.2  V  and  keeps  a 
relatively  stable  value  till  the  end  cut-off  voltage  of  2.8  V.  After 
coating  with  Li2Zr03,  the  Dy+  values  of  LZO-LMO  increase  in  the 
range  from  1.58  x  10-13  to  1.13  x  10-11  cm2  s-1.  Li2Zr03  coating  layer 
enhances  the  Li+  diffusion  ability  of  LMO,  for  example,  the  Dy+  of 
LMO  and  LZO-LMO  at  4.0  V  are  calculated  to  be  7.72  x  10-13  and 
1.08  x  10-11  cm2  s_1,  respectively.  The  improvement  in  lithium 
diffusion  ability  of  LMO  after  Li2Zr03  coating  is  similar  with  the 
results  in  previous  publications  [18,37,38].  For  example,  Thackeray 


et  al.  synthesized  the  composite  0.03Li2ZrO3-0.97LiMn0.5Ni0.5O2 
electrodes  that  the  improved  electrochemical  performance  has  been 
tentatively  attributed  to  strong  Zr-0  bonds  at  the  electrode  surface 
and  the  decreased  oxygen  activity  at  the  electrode  surface  at  high 
potentials.  Li2Zr03  as  lithium-ion  conducting  thin-film  coatings  are 
structurally  compatible  with  close-packed  metal  oxide  electrode 
substrates  of  LMO.  Compared  to  the  typical  layered  oxide  such  as 
LiCo02  (lO^-KT11  cm2  s”1)  [39]  and  LiNi1/3Co1/3Mni/302  (10“9— 
10  10  cm2  s-1 )  [40  ,  the  Du+  in  the  LMO  is  much  lower  because  of  the 
poor  conductivity  and  lattice  disorder  of  Li2Mn03  domain.  After 
Li2Zr03  coating,  the  Du+  values  of  LZO-LMO  are  increased  and  the 
high-rate  capacity  and  cycle  ability  are  improved. 


4.  Conclusions 

In  this  work,  0.4Li2Mn03  -0.6LiNii/3Coi/3Mni/302  is  successfully 
coated  with  Li2Zr03  via  a  sol-gel  process.  After  Li2Zr03  coating, 
LMO  retains  the  crystal  structure  and  lattice  parameters,  and  par¬ 
ticle  size  of  LZO-LMO  is  similar  to  bare  LMO.  The  presence  of 
Li2Zr03  effectively  suppresses  the  resistance  and  improves  the 
stability  eventhough  LZO-LMO  carried  out  for  100  charge/discharge 
cycles.  The  Li+-ion  diffusion  coefficient  of  LMO  increases  two  orders 
of  magnitude  after  Li2Zr03  coating  based  on  the  results  of  GITT. 
Within  the  cut-off  voltage  of  2.5-4.8  V,  LZO-LMO  delivers  the  ca¬ 
pacity  of  264  mAh  g-1  at  0.1  C  rate,  and  remains  235  mAh  g-1  after 
100  cycles.  At  the  current  rates  of  1, 2,  5  and  10  C,  LZO-LMO  delivers 
the  capacities  of  205.6, 161, 153.8  and  106  mAh  g-1,  respectively. 
The  Li2Zr03  modification  is  effective  to  stabilize  the  crystal  struc¬ 
ture,  increases  the  Li+  diffusion  ability  and  improves  the  electro¬ 
chemical  performance  of  0.4Li2Mn03  -0.6LiNii/3Coi/3Mni/302. 
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